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INTRODUCTION. 


In the study of cell size in plants and animals, much emphasis is 
placed, during the last thirty years, upon the relations between cell 
size and body size, organ size and nuclear size. Sachs (1893) calls 
attention to the fact that, although plants and animals vary enorm- 
ously (0.001 mm. to 100 m.) in their linear dimensions, there is not 
a proportional variation (0.001 to 0.05 mm.) in the size of their cells. 
He formulates (p. 73) the generalization that “zwischen der Grdésse 
der Organe und der ihrer Zellen keinerlei Proportionalitaét besteht; 
die Grésse der Organe, zumal homologer Organe, steht vielmehr mit 
der Zahl der Zellen im Verhialtniss.” His assistant Amelung (1893) 
reaches a similar conclusion (p. 187): “Dass néimlich bei morpholo- 
gisch gleichen Pflanzentheilen trotz der ausserordentlichen Grdéssen- 
unterschiede doch die mittleren Zellengréssen dieselben bleiben.” 
Strasburger (1893) emphasizes the fact that, although individuals of 
the same species always show the same size of embryonic nuclei and 
cells, regardless of variations in the size of their growing points, 
varieties of these same species may differ greatly from each other. 

The conclusions of Sachs and Amelung, in regard to the “ fixed size 
of specific organ-cells,” are supported by those of a number of other 
investigators. For example, Conklin (1896) finds that, in dwarfs of 
Crepidula plana, the cells are of approximately the same size as in 
normal forms, and (1898) that sex-ially dimorphic individuals of this 
species, although differing greatly in body size, are composed of cells 
of similar sizes. Rabl (1899) considers that the cells of the crystalline 
lens vary appreciably in number, but not in size. The work of 
Driesch (1898 & 1900) is particularly suggestive. He shows that in 


1 This paper was presented in preliminary form at the Columbus meeting 
of the American Association, December, 1915. 
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“partial” larvae, derived from isolated blastomeres or egg fragments, 
and in “double” larvae, from fused eggs, body size is directly pro- 
portional -to the number of constituent cells. As a result of these 
observations upon echinids, he concludes (1900, p. 384) that, “die 
Zellengrésse der zellen einzelner specifischer Organe scheint eine so 
fest fixirte Grésse zu sein, wie es die optischen Richtungen am Krystall 
sind.” Schnegg (1902), in studying the genus Gunnera, records a 
number of measurements which corroborate the work of Amelung. 
Boveri (1904) shows that the epithelial cells, from tongues of dwarfs 
and giants of the human species, are of the same size as those from 
individuals of normal stature, and Schultz (1904) states (p. 559): 
“so will ich fiir die Planarien wenigstens das Gesetz aufstellen, dass 
bei Verkleinerung der Form infolge von Inanition die Zellen nicht 
an Grdésse, sondern nur an Zahl abnehmen — und zwar in allen Or- 
ganen Proportional den Groéssen verhaltnissen dieser Organe zueinan- 
der.””’ Ewart (1906) concludes that, in unusually large leaves, formed 
upon defoliated trees, there is an increase in the number, but not the 
size of the cells. ? 

Very different results are secured, however, by another group of 
investigators. From his study of the spinal cord of the frog, Gaule 
(1889) is led to place much emphasis upon the constancy of cell num- 
ber. Donaldson (1895) similarly concludes (p. 162) that “the de- 
termination of the number of neuroblasts occurs so early in the history 
of the individual, and under such uniform conditions, that it is very 
difficult to regard the environment as possessed of much power to 
cause variation in this respect.’’ He considers that differences in the 
weight of the human brain are due mainly to differences in the size 
of the nerve cells. Hardesty (1902), who made a comparative study 
of the spinal cords of various mammals, finds that the motor nerve 
cells are largest in the elephant and smallest in the mouse. 

In view of the importance attached to the “ Kernplasmarela- 
tion” by Gerassimow (1902), Boveri (1905), Hertwig (1903) and others, 
Gates’ (1909) observations upon cell size in Oenothera gigas, a tetra- 
ploid mutation of Oe. Lamarkiana, are of considerable interest. He 
states (p. 543): “In O. gigas we have an organism built of bricks which 
are larger and whose relative dimensions are also altered in some cases. 
These two factors will apparently account for all the differences be- 
tween 0. gigas and O. Lamarkiana, and the second factor may be one 


2 More recently, Tenopyr (1918) endeavors to prove that differences in the 
shape of leaves are dependent upon variations in the number rather than the 
shape of their constituent cells. 
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merely of readjustment consequent upon the first. It is probable 
that the number of cells is approximately the same in both cases.” 
Similar phenomena are recorded by Winkler (1916) and Tupper and 
Bartlett (1916 & 1918). The work of Gregory (1911) and Keeble 
(1912), on the other hand, indicates that in giant forms of Primula 
sinensis, Which have larger cells than normal, there is an increase in 
the size, but not in the number of chromosomes. 

Morgan (1904) and Chambers (1908) find that the eggs laid by a 
given individual may vary greatly in size, and the latter investigator, 
who questions the doctrine of the fixity of cell size, considers that body 
size and cell size are proportional to the size of the eggs from which the 
animals are formed. Popoff (1908) also supposes that body size is 
determined by the size of the reproductive cells, but Conklin (1912a), 
as a result of his later investigations upon Crepidula, concludes (p. 
186): “In the different species of this genus the size of the germ 
cells does not determine the size of the adult (Popoff, Chambers). 
Within the same species differences in body size are due in the main to 
differences in cell number, the cell size being approximately constant.” 

It is to be noted, in passing, that in many of these investigations 
which tend to emphasize the constancy of cell size or cell number in 
specific animals or plants, scant attention is given to the work of 
botanists? and zoélogists who concern themselves with the study of 
variations due to environmental factors. Heumann (1850), Mor- 
purgo (1888 and 1889), Frank (1895), Gauchery (1899), Lippold 
(1904), Stoppenbrink (1905) and Morgulis (1911) describe a number 
of dwarfs or depauperate plants or animals which are composed of 
smaller tissue-cells than normal individuals or giants. However, it 
is noted, particularly by Morpurgo, Gauchery and Morgulis that 
different categories of tissues may behave very differently during 
inanition. Kraus (1869-70) emphasizes the fact that the cells of the 
long internodes of etiolated plants are longer than those of plants 
grown under normal illumination, and MacCallum (1898) calls atten- 
tion to the fact that the increase in the musculature of an adult and 
muscular hypertrophy may be due to an increase, not in the number, 
but the size of the muscle fibers. 

The investigations of Sanio (1872), Haberlandt (1882), Illing (1905), 


3 The works of Areschong, Brenner, Bonnier, Costantin, Derschau, Dasson- 
ville, Dufour, Eberdt, Eberhardt, Frank, Géneau de Lamarliére, Grosglik, 
Haberlandt, Hesselman, Johow, Kohl, Lesage, Mer, Nordhausen, Pick, 
Sauvageau, Schuster, Stahl, Tschirch, Vesque, Volkens, Weiss, Zinger and 
many others, who studied the effects of light, temperature, moisture, nutri- 
tion, etc. upon the form and structure of plants, contain numerous incidental 
references to variations in cell size, but unfortunately few exact measurements. 
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Berezowski (1910), Yapp (1912), Schramm (1912) and Paulmann 
(1915) are particularly significant, since they show very clearly that 
the size of the cells of a given tissue may vary considerably in differ- 
ent parts of an organ or individual and during different stages in its 
growth or ontogeny. 

Hertwig (1903) notes the importance of the fact that the “ Kern- 
plasmarelation”’ is subject to considerable variation during the life of 
a cell and, therefore, determines this ratio during a particular phase in 
the development of cells. The results of Conklin’s (1912) work upon 
Crepidula plana are of interest in this connection. He states (p. 25): 
“The results of my measurements do not indicate that the Kern- 
plasma-Relation of Hertwig is either a constant or self regulating 
ratio in the blastomeres of these eggs; on the other hand it appears 
to be a result rather than a cause of the rate of cell division, and 
consequently it is a variable rather than a constant factor. Further- 
more, the size of the nucleus, in these eggs, is dependent upon at least 
three factors: (1) The initial quantity of chromatin (number of 
chromosomes) which enter into the formation of the nucleus (Boveri). 
(2) The volume of the protoplasm in which the nucleus lies. (3) The 
length of the resting period.”’ 

The necessity of distinguishing between purely somatic variations 
in cell size and those that are truly germinal, is fully appreciated by 
Jennings (1908), in his careful work upon unicellular organisms. On 
the botanical side, Zalenski (1904), Kolkunow (1905, 1907, 1907a and 
1913) and Jakushkine and Wawilow (1912), in a series of important 
papers published unfortunately in Russian, show that, although the 
size of the stomata and guard cells vary considerably in different parts 
of an individual and under different environmental conditions, there 
is an inherited norm which varies in different races or varieties of our 
commonly cultivated cereals. They find that certain of the larger 
races possess larger stomata, but this is not true in all cases. In his 
study of nanism, Sierp (1914) emphasizes the necessity of differen- 
tiating between, true constitutional dwarfs and depauperate plants. 
He comes to thé conclusion that the latter have smaller cells than 
normal, but finds three classes of inherited dwarfing; dwarfs of Pisum, 
Solanum, Zea and Clarkia have smaller cells than normal, those of 
Nigella larger cells than normal and those of Mirabilis and Lathyris 
cells of normal size: Unfortunately he does not record the size and 
number of chromosomes in the material investigated by him. 

It is evident, accordingly, that not only may different types of size 
variations occur in different categories of tissues, but also in different 
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types of organisms and under different experimental or enviromental 
conditions. In certain tissues, in given species or groups of plants or 
animals, differences in growth or environment produce but slight 
fluctuations from the norm or inherited cell size. This is not true, 
however, for all types of cells under all conditions. 

That the extensive investigations of the comparative anatomist may 
be of considerable assistance, as reconnaissance surveys, in the selec- 
tion of suitable material for more intensive, experimental investiga- 
tions, and to serve as checks upon too extensive generalization from 
limited induction, is indicated by the literature dealing with body size 
and cell size. For example, many difficulties might have been avoided 
if the work of Levi (1906), upon the size of the various tissue-cells in 
different groups of animals, particularly mammals, had preceded some 
of the earlier, more intensive investigations. Therefore, in under- 
taking a series of investigations upon the size variations of tracheary 
cells, it seems to be desirable to begin with a reconnaissance survey 
of cell size in the secondary xylem of vascular cryptogams, gymno- 
sperms and angiosperms. 

In selecting this tissue for investigation the writers are influenced 
by the following considerations: (1) Since the secondary xylem reaches 
its optimum development in trees, lianas and large shrubs, plants 
with a long reproductive cycle, it is a more favorable subject for the 
extensive investigations of the comparative anatomist than the more 
intensive cultural investigations of the geneticist. (2) From analogy 
with animal tissues, it seems probable that the dimensions of the 
highly differentiated tracheary cells of the secondary xylem may 
fluctuate considerably in response to physiological and environmental 
influences. (3) Inasmuch as this tissue is one of the most extensively 
used botanical raw products, an investigation of this character may 
throw some light upon a number of economic problems, particularly 
those in the field of the paper-pulp industry. 


MATERIAL AND METHODS. 


Most of the material, used in the preparation of the following tables, 
was secured from the extensive collections of the Bussey Institution 
and Arnold Arboretum. Since the samples of wood and herbarium 
specimens were collected at different times, and in different parts of 
the world, by a number of taxonomists and dendrologists, it seems 
to be advisable to tabulate them as far as possible under their original 
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names and authorities. Of course, these specimens are available for 
future study and comparison. 

In dealing with a considerable number of specimens from various 
parts of the world, it is extremely difficult to be certain that every 
specimen has been assigned to the right species, and in some cases 
to the proper genus. Such errors may be extremely serious in certain 
types of investigations, but, as will be evident later, can have no 
appreciable effect upon the general conclusions reached in this paper. 

«The plants are grouped into orders, families and subfamilies, accord- 
ing to the Engler and Gilg (1912) system of classification. 

For the purposes of this investigation, simple and septate libriform 
fibers, as well as fiber-tracheids, tracheids and_ vessel-segments, 
are classified as tracheary elements. Fiber-tracheids and libriform 
fibers grade into one another and appear to be interchangeable in many 
plants. That is to say, in certain specimens or growth layers there 
are clearly differentiated bordering areas about the pits, whereas in 
others thay have almost if not entirely disappeared. Furthermore, 
it frequently is difficult to determine whether vestigial borders are 
present or not. 

“Lengths of tracheary elements were obtained from macerations; 
widths of vessel-segments, and notes in regard to the general structure 
of the xylem, from microtome sections ten micra in thickness. All 
measurements, from 10-100 depending upon the accuracy desired, 
were made with a standardized micrometer eyepiece. Averages of 
50-100 measurements were used as basic points in plotting the graphs. 
“The means given in Tables I and II are usually averages of 10 measure- 
ments. The probable errors of these means fluctuate between two 
and six percent. 


S1zE VARIATION OF SECONDARY TRACHEARY ELEMENTS IN STEMS 
OF GYMNOSPERMS AND DICOTYLEDONS. 


In Tables I and II are recorded the lengths of the tracheary elements 
of a considerable number of gymnosperms and woody dicotyledons. 
Since the specimens, from which the measurements were made, were 
secured from different parts of stems, from plants of different ages, 
sizes, growth habits and systematic affinities, and from different types 
of environments in various phytogeographic regions of the earth, these 
data should give a fairly reliable indication of the general size varia- 
tions that occur in the tracheary elements of the secondary xylem of 
the stems of conifers and arborescent and fruticose dicotyledons. 
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YThe most salient features of these tables are the following: (1) 
There is a marked contrast in length between the innermost or first 
formed and subsequently formed tracheary elements of the secondary 
xylem. In Ginkgo and the Coniferae, the latter are from 200-600 
percent longer than the former. “Lhere is a similar, though less pro- 
nounced, contrast in size between the innermost and outermost 
tracheids, fiber-tracheids and libriform fibers of the secondary xylem 
of dicotyledons. (2) The vessel-segments of the dicotyledons are 
invariably somewhat shorter than the surrounding tracheary elements 
of the secondary xylem; but in certain stems, the vessel-segments of 
the first formed growth layers are of the same length as those which 
occur in the later formed wood. (3) Although extremely variable in 
size, the tracheids of Gymnosperms are, on an average, noticeably 
longer than equivalent tracheary elements of dicotyledons, Table III. 
+This contrast in size is somewhat less conspicuous in the case of the 
tracheary elements of the first formed secondary xylem. (4) In the 
dicotyledons, the fiber-like tracheary elements tend to become shorter 
as the vessel-segments decrease in length, Table III. (5) In the 
dicotyledons, there is no close correlation between the size of the 
tracheary elements and the various types of floral organization which 
form the basis of the Engler and Gilg (1912) system of classification. 
(6) In the Coniferae, the tracheary elements of the Taxaceae and 
Cupresseae average somewhat shorter, and those of the Taxodieae 
and Araucarieae somewhat longer, than the tracheids of the Abieteae, 
Table IIT. 

Sanio (1872) came to the conclusion that in the stems and branches 
of Pinus sylvestris Linn. the tracheids everywhere increase from within 
outwards, throughout a number of annual rings, until they have at- 
tained a definité size, which then remains constant for the following 
annual rings. / Shepard and Bailey (1914) and subsequently Miss 
Gerry (1915) and Lee and Smith (1916) have shown that Sanio’s law 
is not applicable to conifers in general. “In Pinus Strobus Linn., P. 
palustris Miull., Picea rubens Sarg., Pseudotsuga taxifolia Britton, 
Tsuga canadensis Carr., and Abies concolor Lindl. and Gord., the 
tracheids were found to increase rapidly in length for a period of years, 
varying from 20-60; but no constant length was attained even in 
trees several hundred years old. #Following the first period of rapid 
increase in length the size of the tracheids fluctuated more or less 
during the subsequent growth of the plant. ®Similar results have been 


5 Sanio’s constants occurred after 18-40 years. 


‘ 5 
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GYMNOSPERMAE — DICOTYLEDONEAE. 


SECONDARY XYLEM OF STEM. 


Frequency distribution 


of average lengths of tracheary elements. 


Designation 


Class Centers 


1.4/1.7] 2.0] 2.3] 2.6] 2.9 


Gymnosperms: Outer Tracheids 


“ “ 


Inner 


Dicotyls: Outer “ Fibers” 


Inner 


Outer Vessel-segments 


“ 


Inner 


Araucarieae: Outer Tracheids. 


Taxodieae: 
Abieteae: 
Taxaceae: 
Cupresseae: 


Dicotyls I: Outer “Fibers” 
I: Inner 
“ IV: Outer “ 


IV: Inner 


I: Outer Vessel-segments 


I: Inner 
“ IV: Outer 
IV: Inner 


26 


17 


16 


16 


29 


48 


15 


93} 39/13] 3]; 4] 4 


1 

29 | 13 | 4 
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TABLE III. 
Ind. 
od 
i 
275| 4 | 26 | 66 | 66 
41 @1 @€1-21 31-4 
169! 4] 21/50] 
. 


TABLE III (Continued). 


Statistical 
Constants 
in Millimeters. 
in.mm. | inmm. 
3.213.5|3.8|4.1| 4.4] 4.7] 5.0]5.3| 5.6] 5.9] 6.2/6.5] 6.8| 7.1 

23 | 12 | il 12 6 7 7 0 1 5 1 3.53 .07 1.25.05 
(C) (C) .25+.02 

1 (V) ; 1.20+.02; 50+.01 

.61+ .02} .41+.01 

.26+.01 
1 1 1] 2 | 5.85 .32| .23 

1 1 1 1 1 3 .| 4.76 .31 | 1.44= .22 
16 7 6 4/12 4; 3 4 .|3.49+ .07| .92+.05 
2 1 2.82+.15| .86+.11 
3] 3 1 ; 2.74.10} .77+.07 
1 .|1.64+ .06| .67+.04 
‘ ; 92+ .28+.03 
; 1.04+ .02| .37+.01 
.| .49%.02| .14+.01 
1,12+ .04| .41=.03 
.| .é0+.02] .17+.02 
.| .40+.01| .20+.01 

C — Cyeads. V — Vesselless Dicotyls. 
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secured by the writers, Figs. 1,3, and 4. It seems probable, however, 
from the study of available data, that, although in most cases the 
length of the tracheids does not become constant in the older wood of 
individual stems of coniferous plants, the normal length-on-age curve 
for any particular species is of the general form illustrated in Graph 16, 
Fig. 4. 

yin any given plant, the length-on-age curve, or one or more portions 
of it, may deviate from the norm of the species, owing, in all proba- 
bility, to the effects of various environmental factors. Thus, stunted 
or depauperate plants appear to have depressed curves, Graphs 12, 
12a, 5a, 5b, 14, 14a, and 8. Furthermore, the distorted tracheary 
tissue, formed subsequent to injury or in response to abnormal growth 
conditions, frequently possesses shorter tracheids than normal tissue, 
A, Graphs 13 and 5a. Similarly, tissue formed in regions of the plant 
where there are considerable mechanical stresses, e. g. at the junction 
of stems and roots or stems and branches or in bent or twisted stems, 
tends to have shorter tracheids than normal straight grained tissue. 
This is shown very clearly in the following table: 


TABLE IV. 
Pinus Strobus. 
Stems one year old. 


Length tracheids mm. 
Specimen No. 1. 


Wood from vicinity of branch whorl 0.43 

Wood from stem between branch whorls 0.82 
Specimen No. 2. 

Wood from vicinity of branch whorl 0.62 

Wood from stem between branch whorls 0.96 


Specimen No. 3. 


Wood from vicinity of branch whorl 0.65 

Wood from stem between branch whorls 0.84 
Specimen No. 4. 

Wood from vicinity of branch whorl 0.65 

Wood from stem between branch whorls ~~ 0.99 


Specimen No. 5. 
Wood from vicinity of branch whorl 0.71 
Wood from stem between branch whorls 1.16 


é 
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Length tracheids mm. 


Stems 25 years old 
Wood from vicinity of branch whorl 


First annual ring 0.6 

10th 1.9 

25th 2.2 
Wood 6 inches from whorl 

First annual ring 0.9 

10th 2.3 

25th 3.6 
Wood 12 inches from whorl 

First annual ring 1.0 

10th 2.4 

25th 3.8 


Furthermore, Hartig (1901) and Shepard and Bailey (1914) have 
shown that the peculiar compression wood (Rothholz) which occurs on 
the under sides of branches and on the concave sides of bent stems is 
composed of shorter tracheids than the tension wood (Zugholz) which 
occurs on the opposite sides of the same branches or stems. 

In view of these facts, the longest tracheids might be expected to 

occur in the old, straight grained wood of the “clear length” of the 

stem, or that portion between the swollen base and crown which is 

devoid of large branches. "Chat longer tracheids do actually occur in 

this portion of the stem, is indicated by the measurements of Sanio 

(1872), Shepard and Bailey (1914) and Lee and Smith (1916), nd is 
\ graphically shown in Figs. 4 and 5. Graphs 17 and 17a are of con- 
siderable interest in this connection. The secondary tracheids near 
the pith are of similar lengths at distances of from 2-154 feet above the 
level of the ground. On the other hand, the average length of the 
tracheids in thelder wood Mast 60-100 annual rings — is consider- 
ably less in the 2-26 and 138-154 foot sections of the stem.% In other 
words, it seems probable that as a plant becomes older, the depressing 
effect of the conditions at the base of the plant extends further and 
further up the stem, and persistent branches have a progressively 
greater influence upon the surrounding tissue of the main axis of the 
plants. Wherefore, in certain sections removed from the bases and 
tops of large trees, it is not uncommon to find that the tracheary ele- 
ments — after increasing in length for a period of years — tend to 
become shorter in the outermost rings of the stem; a phenomenon 
which might easily be mistaken for senility, Graph 5b, Fig. 3. 
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At is evident, accordingly, that the means in Table I cannot be con- 
sidered a priori, as the tracheary size norms of the species listed. How- 
ever, in view of the varied character of the material studied, the table 
as a whole may be considered to give a fairly reliable indication of the 
general size (length) variations that occur in the tracheary elements of 
the stems of C aiiees ewe tracheids tend to occur in the “clear 
lengths” of the stems of tall, rapidly growing forest trees; short 
tracheids in xerophytes, small, slowly growing or depauperate indi- 
viduals, and plants whose stems are clothed nearly to the level of the 


LENGTH-MILLIMETERS 


AGE-ANNUAL RINGS 


Figure 1. Graphs illustrating variation in length of tracheids in passing 
from the innermost to the outermost secondary xylem. Lengths of primary 
tracheids shown for comparison. 1. Dioon spinulosum; 2. Araucaria Bid- 
willii; 3. Pseudotsuga taxifolia, after Lee and Smith; 4. Pinus palustris; 
after Shepard and Bailey; 5. Pinus ponderosa, 6. Cedrus Libani; 7. Taxus 
brevi folia; 8. Pinus albicaulis. 


ground, with large persistent branches. In Table III, the proportion 
of the former types of growth forms is higher in the Taxodieae and 
Abieteae than in the Taxaceae and Cupresseae. 

It has been shown in Table II that, in the stems of dicotyledons, 
the first formed tracheids, fiber-tracheids and libriform fibers tend to 
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be considerably shorter than the later formed elements of the secondary 
xylem. The segments of vessels are usually somewhat shorter in the 
first formed than the older secondary xylem, although this is not 
invariably the case, particularly in plants listed as of Group IV. 4n 
this group, relatively short vessel-segments may be of the same length 
in the innermost and outermost parts of the secondary xylem, a 
phenomenon noted by Sanio (1873-74) in certain Leguminosae. 


Figure 2. Graphs illustrating variation in length of tracheary elements in 
passing from innermost to outermost secondary xylem. Lengths of primary 
elements shown for comparison. 1. Dioon spinulosum; 9. Trochodendron 
aralioides, vesselless arborescent dicotyledon, stunted specimen; 10. Lirio- 
dendron tulipifera, fiber-tracheids; 10v. Same, vessel-segments; 11. Carya 
ovata, fiber-tracheids after Pritchard and Bailey; 1lv. Same, vessel-segments 
after Pritchard and Bailey. 


®As is indicated in Figs. 2 and 4, Graphs 10, 10v, 11, 11v, 15 and 152, 
the tracheary elements in the first formed growth layers of most 
arborescent and fruticose dicotyledons become progressively longer 
for a period of from 5-20 years. During succeeding growth in diameter 
of the stem, the length of the elements remain nearly constant or 
fluctuate more or less, apparently in response to environmental in- 
fluences. ‘Injuries or other abnormal growth conditions tend to cause 
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the formation of shorter tracheary elements, A Fig. 4, Graphs 15 and 
15v. “Similarly, the size of the tracheary cells tends to be less in nodes, 
junctions of stems and roots or branches and other regions where 
growth adjustments are taking place, Table V. 


TABLE V. 
Node Internode 

Trochodendron aralioides 

Tracheids of first two rings 1.4 mm. 1.9 mm. 
Carya ovata 

Fiber-tracheids of first two rin 0.5 mm. 0.6 mm. 

Vessel-segments “ “ 0.2 mm. 0.3 mm. 

Stump “clear length” 

Betula lutea 

Fiber-tracheids of mature wood 1.2 mm. 1.7 mm. 

Vessel-segments “ 0.7 mm. 1.2 mm. 

BT 

124 
4t 12 
3 
2; 
ax | 
YY 
8 
50 100 150 200 
AGE-ANNUAL RINGS 


Figure 3. Graphs illustrating effects of environmental factors on lengths 
of tracheids. 12. Pinus Strobus, vigorous, rapidly grown specimen; 12a. 
Same, plant suppressed during first 60 years; 5a. Pinus ponderosa, effects of 
injury at A; 5b. Same, stunted specimen, 12 feet high at 100 years; 8. Pinus 
albicaulis, alpine plant, one foot high at 45 years. 


‘Therefore, longer tracheary elements tend to occur in the “clear 
lengths” of the stems of tall, vigorous, rapidly growing forest trees, 
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and shorter cells in small or depauperate plants, and stems which are 
covered with large persistent branches. -, erm the size of the 
tracheary elements varies considerably even in dicotyledons of similar 
growth forms. Phese fluctuations appear to be concomitants of 
certain structural changes in the xylem. 

It was shown by von Mohl (1851) in the middle of the last century 
that vessels are compound structures which arise from series of cells 
by the loss of the pit membranes in the division walls between the 
members of the series. gn certain types of secondary xylems, the 
vessel-segments closely resemble scalariform tracheids in general form 


13° 


H 
13 
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A 
ig” 
60 100 180 
AGE-ANNUAL RINGS 


Fiacure 4. Graphs illustrating the effects of environmental factors on the 
length of tracheary elements. 13. Pinus Taeda, section 1} feet from ground, 
effects of injury at A; 18a. Same, section 32 feet from ground; 13b. Same, 
section 62 feet from ground; 14. Pinus contorta var. Murrayana, vigorous 
specimen; 14a. Same, stunted specimen; 15. Swietenia Mahogoni, libriform 
fibers, effects of injury at A; 15v. Same, vessel-segments, effects of injury at A. 


and structure, Fig. 6. Win these presumably more primitive types of 
vessels certain of the pits in the end walls of the individual tracheary 
cells have no pit membranes and are without well marked bordering 
areas of the secondary walls. These types of vessels grade into others 
in which the scalariform openings become larger and reduced in num- 


ber and coalesce to form single large openings or pores. At the same 
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time the constituent cells of the vessels become wider and their ends 
tend to become less tapering. The most specialized condition results 
in the formation of tubes of relatively large bore which are composed 
of wide segments with nearly horizontal end walls. 

AIn Table II, four categories of vessels have been recognized. In 
group I, the perforations are prevailing scalariform; in group II, in- 
termediate between scalariform and porous; and in groups III and 


50 100 180 one 
AGE-ANNUAL RINGS 
HEIGHT-FEET 
Ficure 5. Graph 16. Pseudotsuga taxifolia, average length-on-age curve, 
for eight sections removed from different trees and at different heights; 17. 
Same, average lengths of tracheids in outer rings of a large stem, at heights of 
from 2-154 feet above the level of the ground; 17a. Same, Length of tracheids 
in first annual ring, at heights of from 2-154 feet above the level of the ground. 


IV, prevailing porous Fig. 6. The vessel-segments in group III differ 
from those in group IV in having well marked tapering ends, thus 
resembling tracheids in general outline. 

¥That tracheary elements tend to shorten as vessels become more 
highly differentiated is indicated by the data in Tables IT and III. 
If the material in the various groups were made strictly comparable, 
it would tend to accentuate the differences between the lengths of the 
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elements in groups I and IV. For example, in groups I and II, 12 
percent of the specimens are less than 15 years old, whereas in groups 
III and IV 5 percent are less than 15 years old. 

‘It is evident, accordingly, that there is an important correlation 
between the size of tracheary elements in arborescent and fruticose, 
Dicotyledons and certain types of differentiation of the secondary 
xylem. Ks the vessels become wider and more highly specialized 
structually, the tracheary elements tend to become shorter. Not 
only do the elements tend to become shorter, but the bordered pits 
in their lateral walls become correspondingly modified, Table VI. 


TABLE VI. 
Angiospermae — Dicotyledoneae. 


Types of lateral pitting. 


Group I Vessel-segments: Scalariform and opposite 86% 
Opposite and alternate or alternate 14% 
as Other tracheary cells: Medium or large borders 63% 
“ Small borders 20% 
“ : Borders vestigial or absent 17% 
Group II Vessel-segments: Scalariform and opposite 80% 
Opposite and alternate or alternate 20% 
. Other tracheary cells: Medium or large borders 35% 
“ Small borders 30% 
“ : Borders vestigial or absent 35% 
Group III Vessel-segments: Scalariform and opposite 11% 
: Opposite and alternate or alternate 89% 
9 Other tracheary cells: Medium or large borders 07% 
“ Small borders 33% 
“: Borders vestigial or absent 60% 
Group IV Vessel-segments: Scalariform and opposite 06% 
Opposite and alternate or alternate 94% 
. Other tracheary cells: Medium or large borders 05% 
“ Small borders 12% 
“: Borders vestigial or absent 83% 


In groups III and IV, alternate-multiseriate pitting predominates | 
in the lateral walls of the vessels, whereas, in groups I and II, scalari- 
form and opposite-multiseriate pitting are much in evidence. The 
. tracheary elements which surround the vessels in groups I and II 
~ usually have conspicuous bordering areas about the pit orifaces in 
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their Jateral secondary walls, but this is not the case in groups III and 
IV. other words, with increasing specialization certain tracheary 
cells become highly modified and serve principally as conductors of 
liquids, whereas others gradually cease to serve in that capacity,,and 
become modified as mechanical or skeletal elements, Fig. 6. Each 
line of specialization appears to involve a general tendency towards 
reduction in the length of the tracheary elements and concomitant 
changes in the structure and arrangement of the pits. 

Furthermore, as the secondary xylem becomes more and more 
highly differentiated, the contrast in length — in the later formed 
growth layers — between vessel-segments and surrounding tracheary 
elements usually becomes correspondingly accentuated. 

The fact that vessel-segments are shorter than the tracheids, fiber- 
tracheids or libriform fibers which surround them, and that, in the 
dicotyledons, the tracheary elements become shorter as the vessels 
become more highly differentiated, suggests that the striking general 
contrast in cell length between the secondary tracheary elements of 
the gymnosperms and dicotyledons may be closely correlated with the 
evolution of vessels in the later group of plants. \'That the reduced size 
(length) of the tracheary elements in the dicotyledons is associated in 
some way with the development of vessels is emphasized, furthermore, 
by the fact that such vesselless arborescent plants as Trochodendron 
and Drimys have the longest tracheary elements of any of the dicotyle- 
dons investigated, Table VII. In addition it is significant that the 
tracheary elements of the secondary xylem of the Gnetales, supposed 
gymnosperms with vessels, resemble in length those that occur in 


many dicotyledons, Table VII. 


TABLE VII. 


Vesselless Angiosperms. 


Trochodendron aralioides Sieb. & Zuce. Tracheids 4.5 mm. 
Drimys Winteri Forst. . 4.3 mm. 
Gnetales. 

Ephedra californica S. Wats. Vessel-segments 0.7 mm. 

Tracheids - 0.8 mm. 
Gnetum Gnemon Linn. Vessel-segments 1.5 mm. 
Tracheids 1.9 mm. 
Welwitschia mirabilis Hook. f. Vessel-segments 0.7 mm. 
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SIZE OF TRACHEARY ELEMENTS IN VASCULAR CRYPTOGAMS AND 
OLDER GYMNOSPERMS. 


The tracheids in the vascular cryptogams appear to have been of 
such unusual length as to attract the attention of many paleontolo- 
gists. The great length of the secondary tracheids in Calamites led 
Williamson (1871) to describe them as vessels — compound structures 
—§in one of his earlier papers. Williamson and Scott (1894) described 
the tracheary elements of Sphenophyllum as follows: “If they were 
tracheids they must have been of great length, for they can often be 
traced all through a section without finding any terminal wall.” In 
another paper, these writers (1895) stated that in Lyginodendron the 
secondary “tracheids are of great length” and that in Heterangium 
“their length must have been great as terminations are by no means 
frequently seen.”’ Williamson (1873) had previously stated in regard 
to the tracheary elements of Dictyorylon Oldhamium: “It is very 
difficult to measure their length, because, owing to its amount which 
is considerable, and to their interlacing freely within their respective 
bundles, it is almost impossible to see the extremities of each fiber; 
it is, however, sufficiently great to give them an almost vascular 
character.”” Similar descriptions have been recorded by other paleon- 


tologists. 

Through the courtesy of Drs. G. R. Wieland and E. W. Berry, the 
writers secured the opportunity of examining sections of well preserved 
fossil stems of various representatives of the Calamariales, Spheno- 
phyllales, Lepidophytineae and Cycadofilices, and of verifying the 
statements of previous investigators. ‘The tracheary elements of the 
secondary xylem in such forms as Calamites, Sphenophyllum, Lepi- 
dodendron, \Sigillaria, Lyginodendron, Heterangium and _ other 
Cycadofilices were undoubtedly very long, averaging usually several 
millimeters. . Fhe first formed secondary tracheids appear to have been 
as long if not longer than the primary tracheids, but the tracheids of 
nodal wood — at least in the Calamariales — were apparently some- 
what shorter than those of the internodal wood. 

The secondary tracheary elements in living representatives of the 
Cycadales, and in fossil stems of Bennettitales and Cordaitales, re- 
semble in length the tracheids of the vascular cryptogams mentioned 
above. Although the later formed secondary tracheids may be some- 
what longer than those formed by the first activity of the cambium, 
the latter — in contrast to similar elements of Ginkgo, the Coniferae 
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and Dicotyledoneae — frequently appear to be relatively long and of 
nearly the same length, if not actually longer, than the outermost ele- 
ments of the primary wood, Graph 1, Fig. 1. ‘Xhis is in marked con- 
trast to the conditions which occur in the rest of the gymnosperms and 
woody dicotyledons, in which the primary tracheary elements average 
as a rule considerably longer than the innermost elements of the 
secondary xylem, Figs. 1 and 2. en other words, the most striking 
differences in length between the tracheary elements of the higher and 
lower gymnosperms occur commonly in the innermost cells of the 
secondary xylem, Figs. 1 and 2.\, Furthermore, whereas, in the older 
gymnosperms and vascular cryptogams, the secondary xylem of small 
plants may be composed of relatively long tracheids, the smaller 
growth forms of the Coniferae tend to have comparatively short 
tracheids even in the outermost portions of the secondary wood. _, 


SUMMARY. 


A comparative study of the secondary xylem of vascular plants 
reveals a number of interesting facts in regard to the length of the 
secondary tracheary elements in vascular cryptogams, gymnosperms 
and angiosperms. The tracheary elements of the secondary xylem 
in the vascular cryptogams tended to be very long, whereas those 
which occur in the dicotyledons — with the notable exception of the 
vesselless Trochodendroceae and Magnoliaceae — are comparatively 
short. The gymnosperms appear to occupy an intermediate position 
between these extremes; the Cordaitales, Bennettitales and Cycadales 
resembling the vascular cryptogams, and the Gnetales — supposed 
gymnosperms with vessels simulating the angiosperms. 

The reduction in the size (length) of the tracheary elements of the 
higher plants appears to have proceeded along certain general and 
more or less distinct lines. 

(1) In all the dicotyledons and gymnosperms with the exception 
of the Cordaitales, Bennettitales and Cycadales, the first formed tra- 
cheary cells of the secondary xylem are relatively small, and in all of 
the material examined by the writers are considerably shorter than the 
adjoining elements of the primary xylem and subsequently formed 
tracheary cells of the secondary xylem, Figs. 1 and 2.° 


6 In dicotyledons having very highly differentiated types of vessels, the short 
vessel-segmen{s may be of nearly uniform size in succeeding growth layers of 


the secondary‘ xylem. 
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his is in marked contrast to the conditions which prevailed in the 
stems of many of the lower vascular plants. In those forms — which 
possessed relatively wide zones of primary wood — the innermost 
tracheids of the secondary xylem appear to have resembled in size 
the elements of the primary xylem. It seems probable, therefore, 
that in the evolution of the higher gymnosperms and dicotyledons, 
with reduction in the amount of primary xylem and other changes 
in the innermost portion of the stele, there has been a concomitant 
shortening of the first formed tracheary elements of the secondary 
xylem. 

(2) Another tendency towards reduction in the length of the 
tracheary elements of the secondary xylem appears to be associated 
with the evolution and differentiation of vessels. The secondary 
tracheary tissue of the vascular cryptogams and gymnosperms is 
comparatively simple and composed of cells of a single generalized 
type, the so-called tracheids. In the evolution of the Gnetales and 
Dicotyledoneae, specialization or division of labor appears to occur 
among these cells. Certain vertical series of tracheids become modi- 
fied and function principally in conducting liquids whereas others be- 
come highly modified as mechanical or skeletal elements, Fig. 6. 
That this process of specialization involves a reduction in the length of 
the tracheary elements, is indicated, not only by the striking general 
contrasts between the cells of the xylem in the dicotyledons and gym- 
nosperms or vascular cryptogams, but also by the interesting fact that 
the vesselless Trochodendraceae and Magnoliaceae have very long 
tracheary elements, and the Gnetales comparatively short ones, such 
as occur in many dicotyledons. As the vessels of the secondary 
xylem become more and more highly differentiated their segments 
gradually lose their resemblance to tracheids, Fig. 6, and tend to 
become progressively wider and shorter. At the same time, the 
structure and arrangement of the bordered pits in their lateral walls 
tends to be considerably modified, Table VI. Furthermore, the sur- 
rounding tracheary elements tend to shorten and to take on a more 
fiber-like structure, their pits becoming vestigial by the gradual dis- 
appearance of the bordering areas of the secondary walls. During 
these processes of specialization, the reduction in length of the vessel- 
segments usually exceeds that which occurs in the remaining tracheary 
elements. That is to say, there is less contrast in length between 
vessel-segments and surrounding tracheary elements in Group I than 
in Group II of the dicotyledons. 

In addition to these striking tendencies toward reduction in the 
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length of tracheary elements, there are indications of other variations 
in cell length which seem to be induced by different factors. 

In the Coniferae — among plants of comparable ages — the smaller, 
slower growing forms, e. g. certain Taxéceae and Cupresseae, tend to 
have shorter elements than larger, more rapidly growing forms. 
Furthermore, within the same species, dwarfed or depauperate plants 
tend to be composed of shorter tracheary elements than normal indi- 
viduals. Similar tendencies occur among the dicotyledons. It is 
important to note in this connection, that the tracheary elements 
formed about the junctions of stems and roots, branches, or leaf traces, 
wound tissue, compression wood, and similar tissue in which growth 
adjustments are taking place, tend to be considerably shorter than 
those which occur in normal internodal or straight grained wood, 
Figs. 3, 4, and 5, Tables IV and V. Of course, the abundance and 
distribution of this short celled tracheary tissue varies considerably 
in plants grown in different environments and in plants of different 
growth habits. Thus, tall forest trees whose stems are devoid of 
branches over a considerable length of their stem, appear to have 
longer tracheary cells than non-gregarious trees whose stems are 
clothed nearly to the level of the ground with large branches. Simi- 
larly, gnarled or twisted trees, such as occur commonly in alpine 
regions and other windswept or exposed situations, have shorter 
tracheids than erect plants of more sheltered habitats. 

@in so far as the length of the tracheary elements of the secondary 
xylem of vascular plants in general is concerned, there is no absolute 
correlation between body size and cell size. \ The tracheary elements 
in large dicotyledons may be considerably smaller than those that 
occur in comparatively small gymnosperms or vascular cryptogams. 
Similarly a gigantic sequoia may have shorter cells than a small cycad. 
Although the secondary tracheary elements in the Coniferae and 
Dicotyledoneae increase in size as the plants become larger, this phe- 
nomenon lasts for only a comparatively limited number of years, after 
which the size is subject to comparatively slight fluctuations. 

‘It is to be emphasized in conclusion that the primary object of an 
extensive reconnaissance survey of this character should be to blaze 
the way for subsequent and more intensive investigations. Having 
blocked out certain of the more important size variations that occur 
in the tracheary cells of the secondary xylem of vascular plants, it is 
essential to isolate and study the factors which regulate or control these 
phenomena. Of course, the length of the tracheary elements of the 
secondary xylem is dependent upon (1) the length of the cambial 
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mother cells which form them and (2) the amount of elongation which 
they undergo during differentiation. A detailed discussion of the size 
variations of cambial cells, and the elongation of their daughter cells 
during differentiation, will be undertaken in the second paper of this 
series. 
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